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Introduction {#sec001}
============

Increased ICP is considered to be an acute situation that is associated with poor clinical outcomes, such as high rates of mortality in various neurological diseases \[[@pone.0117939.ref001],[@pone.0117939.ref002]\]. Invasive ICP monitoring remains the gold standard for the diagnosis of ICP \[[@pone.0117939.ref003]\]. However, due to the invasiveness of ICP monitoring, which can result in complications such as hemorrhage and bacterial colonization \[[@pone.0117939.ref004]\], this technique should not be applied to all patients with increased ICP. Additionally, a lack of neurosurgeons and contraindications, such as coagulopathy or thrombocythemia, might reduce the feasibility of invasive ICP monitoring. Moreover, intracranial devices are invasive. Thus, noninvasive, simple, reproducible, bedside methods for the assessment of increased ICP are urgently needed \[[@pone.0117939.ref005]\]. Ocular ultrasonography has recently been used to assess increased ICP \[[@pone.0117939.ref006]--[@pone.0117939.ref009]\]. This technique was developed based on ocular anatomy. The optic nerve, which is as an outward form of the diencephalon during embryogenesis, is wrapped by a nerve sheath that is derived from three layers of meninges and protrudes toward the orbit. As a consequence of this communication, cerebrospinal fluid (CSF) can transfer freely between the intracranial and intraorbital subarachnoid space \[[@pone.0117939.ref010]\]. The intraorbital subarachnoid space, which surrounds the optic nerve, is subject to the same pressure changes as the intracranial subarachnoid space \[[@pone.0117939.ref011]\]. A linear relationship between the ICP and the subarachnoid pressure of the optic nerve has previously been confirmed in fresh cadavers \[[@pone.0117939.ref012]\]. Next, the linear covariance of the CSF pressure with the ONSD was confirmed \[[@pone.0117939.ref013]\]. Subsequently, the ONSD was observed to be positively related to increased ICP using optic nerve sonography and magnetic resonance imaging (MRI) in several western studies \[[@pone.0117939.ref014],[@pone.0117939.ref015]\]. Nevertheless, the diagnostic criteria for increased ICP based ultrasonographic measures of ONSD have not been established. Several studies have reported a cut-off point of 5 mm for the identification of increased ICP or elevated opening pressure on LP \[[@pone.0117939.ref015]--[@pone.0117939.ref017]\]. Thus far, the majority of the published studies have involved small sample sizes \[[@pone.0117939.ref018]\] and were performed in Caucasian populations. Additionally, little is known about the factors that potentially affect the relationship between the ONSD and ICP. Moreover, whether the upper limits of normal ONSDs vary across different races remains unknown. It has been reported that LP pressures above 20 cm H~2~O when the patient is relaxed with straight legs reflects the presence of increased ICP \[[@pone.0117939.ref019]\]. Thus, we performed this study to identify the ONSD criterion for the detection of elevated opening pressure on LP in a Chinese population and to investigate the factors that potentially influence this relationship.

Materials and Methods {#sec002}
=====================

Study Setting {#sec003}
-------------

The study was performed in the First Hospital of Jilin University, which is a general public hospital in China. The Ultrasound Center in the Department of Neurology is one of four ultrasound training centers in China.

Patients {#sec004}
--------

This was a blind cross-sectional study that recruited patients who were suspected of having increased ICP for various reasons and underwent lumbar puncture between March 2013 and December 2013. The exclusion criteria were the following: 1) aged\<18 years old, 2) a history of glaucoma or current medications that might have affected CSF pressure, and 3) ophthalmic diseases, such as tumors or traumas. Each participant underwent a lumbar puncture to confirm the ICP status. The following patient data were recorded: age, sex, body mass index (BMI), waistline, head circumference, systolic blood pressure (SBP), diastolic blood pressure (DBP) and pathological subtype (i.e., bacterial infection, non-bacterial infection and non-infection). Hypertension was defined as a blood pressure ≥140/90 mmHg or a history of antihypertensive treatment. This study was approved by the ethics committee of The First Hospital of Jilin University. All participants provided written informed consent.

Measurements {#sec005}
------------

The ONSD measurements were performed prior to the LPs. The interval between these two examinations was less than 10 min. The ultrasonographic procedure was performed by a senior emergency medicine resident. Ultrasound examinations of the eye were performed in B-mode using a Philips iU22 (Andover, Massachusetts, USA) ultrasound system and a 9--3 MHz linear array transducer. The patients were examined in the supine position. The probe was placed lightly on the closed upper eyelid with a thick layer of ultrasound gel to prevent pressure from being exerted on the eye. The position of the probe was adjusted to clearly display the entry of the optic nerve into the globe. According to previous protocols, two measurements were performed for each optic nerve. The first measurement was performed in the sagittal plane with the probe in a vertical orientation, and the second measurement was performed the transverse plane with the probe in a horizontal orientation \[[@pone.0117939.ref006],[@pone.0117939.ref020]\]. The ONSD was assessed bilaterally 3 mm posterior to the orbit \[[@pone.0117939.ref021],[@pone.0117939.ref022]\] ([Fig. 1](#pone.0117939.g001){ref-type="fig"}). The measurements were repeated once for each eye, and a total of eight values were obtained. The final ONSD measurement value for each patient was derived from the average of the eight values to minimize variability. The opening pressure of the CSF was recorded in cm of water pressure (cm H~2~O) by LP, which was performed by a neurological resident who was experienced and blind to the ultrasonographic results. Patients were placed in a left lateral position with their hips and knees flexed and their heads as close to their knees as comfortably possible. The area around the lower back was prepared using an aseptic technique. We asked the patients to relax. Once the subarachnoid space had been entered, the patient straightened his/her legs, the opening pressure on LP was then recorded, and fluid samples were obtained. Elevated opening pressure on LP was defined as a pressure \> 20 cm H~2~O \[[@pone.0117939.ref017],[@pone.0117939.ref019]\]. Subsequently, the characteristic data of the ONSD measurement values and the pressures of the CSF measured through the LP were entered into the database.

![ONSD measurement.\
The ONSD measurement was assessed 3 mm posterior to the orbit. The ONSDs of the patient with increased ICPs were significantly enlarged.](pone.0117939.g001){#pone.0117939.g001}

Statistical analyses {#sec006}
--------------------

Continuous variables are presented as the mean ± the standard deviation (SD), and categorical variables are reported as the frequency and percentage. Linear regression analyses, *t*-tests and ANOVA tests were performed independently to determine the relationships between the variables and the ONSDs. Univariate analyses were performed to examine the changes in intracranial pressure that corresponded to a given change in ONSD. Multiple logistic regression was performed to reveal the factors that affected this association. A receiver operating characteristic (ROC) curve was generated to determine the optimal cut-off point. All data were analyzed using the SPSS software package (SPSS version 18.0), and p\<0.05 (two-tailed) was set as the level of statistical significance.

Results {#sec007}
=======

In total, 279 subjects (56.3% males) were included in the study, and a total of 2232 ONSDs were measured. The mean age of the patients was 41.3 ± 15.1 years. Eighteen patients had bacterial infections, and 138 patients had non-bacterial infections. The non-bacterial infections included viral infection (N = 132), a fungal infection (N = 1), cerebral cysticercosis (N = 3) and neurosyphilis (N = 2). The remaining 123 patients were diagnosed as being free of infection and were diagnosed with peripheral neuropathy (N = 21), hydrocephalus (N = 6), cerebrovascular disease (N = 43), cerebral tumor (N = 17), primary headache (N = 8) and epilepsy (N = 26), or the diagnoses were uncertain (N = 2). Elevated opening pressure on LP was observed in 101 subjects, and normal opening pressure on LP was diagnosed in 178 patients. A comparison of the characteristic data between the elevated opening pressure and the normal opening pressure groups is presented in [Table 1](#pone.0117939.t001){ref-type="table"}. Statistically significant differences were found in age, ONSD, BMI and pathological subtype. The ONSD of the elevated opening pressure on LP group (4.58±0.46 mm) was significantly higher than that of the normal opening pressure on LP group (3.55±0.38 mm, p\<0.001).

10.1371/journal.pone.0117939.t001

###### Comparison of the characteristics of the increased ICP and normal ICP groups.

![](pone.0117939.t001){#pone.0117939.t001g}

  Characteristic            Increased ICP group (n = 101)   Normal group (n = 178)   *P*-value
  ------------------------- ------------------------------- ------------------------ -----------
  Male (n,%)                61 (60.4%)                      96 (53.9%)               0.296
  Age (Y)                   37.32±13.01                     43.59±15.79              0.001
  ONSD (mm)                 4.58±0.46                       3.55±0.38                \<0.001
  BMI (kg/m^2^)             23.89±4.11                      22.81±3.49               0.020
  Waistline(cm)             80.66±11.34                     78.76±9.78               0.141
  Head circumference (cm)   55.45±1.69                      55.14±2.04               0.203
  SBP (mmHg)                122.78±16.74                    125.71±18.32             0.187
  DBP (mmHg)                78.89±9.47                      80.51±11.57              0.232
  Pathological subtype                                                               \<0.001
  Bacterial infection       15 (14.9%)                      3 (1.7%)                 
  Non-bacterial infection   59 (58.4%)                      79 (44.4%)               
  Non-infection             27 (26.7%)                      96 (53.9%)               

*ICP* intracranial pressure, *BMI* body mass index, *ONSD* optic nerve sheath diameter, *SBP* systolic blood pressure, *DBP* diastolic blood pressure.

The univariate analyses revealed that ONSD measurement (p\<0.001), age (p = 0.001), BMI (p = 0.022) and pathological subtype (p\<0.001) were significantly correlated with elevated opening pressure on LP. Linear regression analyses, *t*-tests and ANOVA tests revealed that gender (p = 0.005), age (p\<0.001), BMI (p\<0.001), waistline (p = 0.002), head circumference (p = 0.008) and pathological subtype (p\<0.001) were significantly correlated with ONSD. The mean ONSD of the patients with bacterial infections, non-bacterial infections and without infections were 4.745 mm (SD 0.597), 4.013 mm (SD 0.656) and 3.698 mm (SD 0.500), respectively.

We included the significant variables in the multiple logistic regression. After adjusting for gender, age, BMI, waistline, head circumference and pathological subtype, ONSD was the only significant independent predictor of elevated opening pressure on LP (p\<0.001).

Using the opening pressure on LP as the standard criterion, we generated a ROC curve ([Fig. 2](#pone.0117939.g002){ref-type="fig"}) to determine the cut-off point that optimized the sensitivity and specificity. The ROC curve analysis revealed that the area under the curve (AUC) was 0.965 (95% CI: 0.947--0.984). The ONSD cut-off point for the identification of elevated opening pressure on LP was 4.1 mm, which yielded a sensitivity of 95% and a specificity of 92%.

![ROC curve for the optic nerve sheath diameter.\
AUC = 0.965 (95% CI: 0.947--0.984).](pone.0117939.g002){#pone.0117939.g002}

Discussion {#sec008}
==========

The present research, which examined the ONSD and opening pressure on LP measurements of 279 patients, revealed that ultrasonographic ONSD might be a strong predictor of elevated opening pressure on LP with a high sensitivity and specificity compared with LP. We confirmed that ultrasonographic measurement of the ONSD was potentially useful for identifying patients with early elevated opening pressure on LP. Several previous studies have confirmed the reliability of the ONSD measurement in the evaluation of ICP, and we obtained similar results. Multivariate analysis revealed that the ONSD was an independent predictor for elevated opening pressure on LP. Although invasive ICP monitoring remains the gold standard for the establishment of ICP, it is not routinely used in many centers predominantly due to the lack of an available neurosurgeon to implant the monitoring device. Additionally, the total cost can be several thousand dollars. This study provides new information supporting the notion that ultrasonographic ONSD measurement is useful for rapid and safe screening for elevated opening pressure on LP when a patient is admitted into a hospital. This technique can provide an early indication of whether a patient requires invasive intracranial devices or transfer to a specialized center with an available neurosurgeon. Furthermore, ultrasonographic ONSD measurement is easy to learn and reproducible \[[@pone.0117939.ref023]\]. This technique is inexpensive and requires approximately 5 min per patient \[[@pone.0117939.ref017]\]. Moreover, this technique is reproducible with low intra- and inter-observer variation \[[@pone.0117939.ref024]\]. Thus, ultrasonographic ONSD measurement might be the preferred technique for patients who are suspected of increased ICP.

Despite the introduction of this technique two to three decades ago, increases in sonographic measures of the ONSD have not been properly evaluated in heterogeneous patients, particularly Asian patients. Currently, there are no definitive global standard values for the application of this procedure due to the small sample sizes (generally a few dozen) of the relevant studies. Compared with previous studies, our study had a relatively large sample size that included hundreds of patients.

The cut-off point for elevated opening pressure on LP found in our study is slightly different from the outcomes that have been obtained for Caucasian populations. In some western studies, the ONSD cut-off points for the diagnosis of increased ICP or elevated opening pressure on LP have ranged from 5.0 to 5.9 mm \[[@pone.0117939.ref007],[@pone.0117939.ref017],[@pone.0117939.ref025],[@pone.0117939.ref026]\]. Recent studies found that ONSD detection of increased ICP was slightly lower than 5.0mm \[[@pone.0117939.ref009],[@pone.0117939.ref027]\]. However, the cut-off point identified in the present study was markedly lower than 5.0 mm. There are several possible reasons for this result. First, ethnic differences or genetic distinctions might affect the cut-off point. The majority of the previous studies were performed in Caucasian populations, while our study targeted a Chinese population. Second, the subjects included in the majority of the previous studies had severe injuries or required treatment in the intensive care unit. In contrast, the subjects of our study were free of emergency statuses and were cared for in a general ward, which might have resulted in less severe increases in ICP being predicted based on the ONSD. Intensive care procedures, such as sedation or mechanical ventilation, have been inferred to be associated with ONSD alterations \[[@pone.0117939.ref028]\]. Furthermore, the degree of the dilation of the ONSD is greater due to dramatically increased ICP. Some animal models have shown that the ONSD increases at a rate of approximately 0.0034 mm per 1 mm Hg increase in ICP \[[@pone.0117939.ref029]\]. In isolated human optic nerves obtained from autopsies, an additional ONS dilatation of 0.25 mmHg resulted from every 10 mmHg pressure increase \[[@pone.0117939.ref030]\]. Thus, the discrepancy regarding the cut-off point identified in our study might be attributable to these aforementioned reasons.

Because we aimed to identify patients in the early stages of increased ICP, the findings of our study were closer to the critical point of increased ICP. Due to the features of the patients who were included in our study, we obtained the measurements at very early stages of increased ICP. Because elevated ICP is associated with poor outcomes, timely detection in the early stage plays an important role in clinical practice.

Several studies of normal values have reported a relatively broad interindividual range of ONSD measurements \[[@pone.0117939.ref031]\], \[[@pone.0117939.ref028]\]. A protocol used by an ONSD research group in 2013 proposed to determine whether the diagnostic accuracy of ONSD ultrasonography varies according to patient characteristics (e.g., age, weight, etc.)\[[@pone.0117939.ref018]\]. Nevertheless, to the best of our knowledge, there have been no publications that have confirmed whether some interindividual factors affect the use of ultrasonographic ONSD measurements as a screening tool for increased ICP. To some extent, our study addresses this research gap. Gender, age, BMI, waistline, head circumference, blood pressure and pathological subtype were found to lack significant influences on the relationship between ONSD and opening pressure on LP in our study. In the last few years, neuroimaging of the ONSD with computed tomography (CT) scans and MRI have been found to be potentially useful in the detection of increased ICP \[[@pone.0117939.ref032],[@pone.0117939.ref033]\]. A recent study about OSND in Caucasians using CT scans found the measurement of OSND at the 3mm point was more variable and the most stable measurement values could be obtained if the ONSD was measured at 10 mm from globe. The authors of that study suggested that the optic nerve/eyeball diameter index was much less variable than the ONSD and might be used for ICP monitoring \[[@pone.0117939.ref034]\]. Hence, further studies should focus on comparisons of ultrasonography with CT scan and MRI ONSD measurements. Additionally, the influence of different measurement depths and other factors that could potentially influence this association should be investigated.

Our study has some limitations. First, although the final ONSD measurement value for each patient in our study was derived from an average of eight values to minimize variability, technical factors, such as angle of the probe, the patient's position and the measured areas of the ONSD, might have affected the measured values. Second, LP is not truly equivalent to the gold standard of intracranial pressure monitoring. The opening pressure on LP might be altered by patient anxiety, position, muscle tone and pressure on the abdomen. Third, a more accurate cut-off point is required to enable the use of ultrasonographic ONSD measurement as a widely available and reliable technique for the identification of patients who are at risk for increased ICP. Multi-center studies with larger sample sizes should be undertaken in the future.

Conclusion {#sec009}
==========

The ONSD measurement cut-off point for the prediction of elevated opening pressure on LP in Chinese patients was less than that of Caucasian patients. Thus, we propose that ethnic differences should be noted and appropriately applied to the corresponding ultrasonographic criteria.
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